A small molecule, hitherto called X, which is present in legume root nodules and ligates reversibly to the monomeric protein, leghemoglobin, with formation of a hemochrome structure, is identified as nicotinic acid. The binding constants at pH 5.3 are K = 7.3 X 105 M-I and K = 3.0 X 104 M-1 for combination of nicotinic acid with ferric and ferrous leghemoglobin, respectively. This high affinity binding of ligand requires an unsubstituted pyridine ring nitrogen atom and an ionized carboxyl group in the 3-position of the ring. Binding of nicotinic acid is favored at acid pH and is reflected by diminished apparent affinity of leghemoglobin for oxygen.
Leghemoglobin (Lb) is a monomeric (1) oxygen-binding hemoprotein occurring in the plant cytoplasm of nitrogen-fixing legume root nodules (2) . Recent evidence (3) (4) (5) suggests that LbO2 has a specific role in supporting rhizobial nitrogen fixation. Leghemoglobin, extracted from nodules at acid pH, becomes partially oxidized to the ferric state during the isolation procedure, and under these conditions may be isolated as a complex with a low molecular weight ligand, X (6). This complex, in both ferric and ferrous states, displays the optical spectra of a hemochrome (6, 7) ; here and elsewheret we discuss the probable nature of the ligands to the heme iron atom of this hemochrome. Binding of the ligand, X, precludes reaction of ferrous Lb with carbon monoxide § (and, by analogy, with oxygen) and we consider the interesting possibility that the reactivity of Lb is regulated within the cytoplasm by interaction with the ligand, X.
In calf-liver cytochrome b5 was a gift from Dr. P. Strittmater. Ferric Lb and LbO2 were prepared as described (6, 8) . Hemoproteins were reduced to their ferrous forms by the anaerobic addition of sodium dithionite to 1 mg/ml final concentration.
Dissociation and Purification of the Ligand X from Ferric
LbX. The complex of X with ferric Lb was isolated from soybean root nodules as described (6, § Identification of X as Nicotinic Acid. When an aqueous solution of X (pH 9) was titrated with NaOH or HCl, the spectrum was unchanged from pH 12 to 7. It had absorption maxima at 269.5, 263.5, and 257 nm and an inflection at 250 nm ( Fig. 1, curve B) . At pH 3.5 an intermediate species appeared (Fig. 1 , curve I), with maximum at 261.5 nm; further acidification to pH 1 caused a resharpening of this spectrum, with the peak shifting to 261.0 nm, and considerable absorption loss near 235 nm (Fig. 1, curve A) . The apparent isosbestic wavelengths measured from Fig. 1 for the strongly acidic protonation (267 nm, 263 nm, 250 nm) and for the weakly acidic protonation (235 nm) were confirmed by accurate spectrophotometric titrations involving separate dilutions of portions of the solution to equal final concentration of X at increasing HCl concentration. The values of pKi and pK2
were estimated from logarithmic plots of the titration curves, taking the absorbance changes at 235 nm (for pKj) and 263 nm (for pK2) as a measure of the extent of conversion of one spectral entity to another. The value of pKj was 2.17, and the value of pK2 was 4.8.
The absence of spectral change from pH 12 to pH 7 suggested that X had no ionizable phenolic hydroxyl; the spectrum at pH 9 and changes accompanying the pK 4.8 protonation suggested that X had aromatic character and contained an ionizable ring or side-chain nitrogen; the spectral changes with pK 2.17 indicated the presence of a strongly acidic group, possibly a carboxylic group. We noted the spectral similarity between nicotinic acid derivatives and X, and realized that unsubstituted nicotinic acid satisfied the known criteria for X. At all pH values, the optical spectra of X and of authentic nicotinic acid were found to be identical (see Fig. 1 ), and titration of an aqueous solution of authentic nicotinic acid under the conditions used for X revealed the same two ionizations, with pKj of 2.18 for the 3-carboxyl group, and pK2 of 4.87 for the ring nitrogen (9). FIG. 1 . Spectra of X in water. B, basic form (pH 9); I, isoelectric form (pH 3.5); A, acidic form (pH 1). It is assumed that at pH 9 the molar extinction of X is the same as that of nicotinic acid with emM = 3.2 at 263.5 nm. At these three pH values the spectra of X and of authentic nicotinic acid (not illustrated) were superimposable, except below 240 nm where X showed slightly more nonspecific absorption.
Nicotinic Acid and Leghemoglobin Reactivity 565
High resolution mass spectrometry, with an AEI MS-902 instrument with on-line Raytheon 706 computer, showed X to have a molecular weight of 123.03205 and exclusive empirical formula C6H5NO2, also found for nicotinic acid. The ion fragment patterns of X and nicotinic acid were identical and distinguishable from that of isonicotinic acid. This finding, together with the foregoing, establishes that X is nicotinic acid.
Parallel titrations (Fig. 2) Spectra of Lb and the Lb-Nicotinic Acid Complexes. Spectral details of ferric and ferrous Lb and their nicotinic acid complexes in the ultraviolet, visible, and near-infrared regions are presented in Fig. 3 and Table 1. In the visible region, the spectra of both ferric and ferrous Lb-nicotinic acid complexes are typical of hemochromes in which both proximal and distal ligand positions of the heme iron atom are occupied by nitrogenous ligands §. The extinction of the a maximum at 554 nm is 1.03-times that of the a maximum of an alkaline pyridine ferrous hemochrome prepared from the same Lb solution. An interesting spectral feature is the absorption maximum at 685 nm exhibited by the ferrous Lb-nicotinic acid complex. We observed a similar band in spectra of the complexes of ferrous Lb with isonicotinic acid, 3-cyanopyridine, nicotinamide, and methyl nicotinate, and in the spectrum of ferrous myoglobin nicotinate, which was otherwise very different from ferrous Lb nicotinate. It had, for instance, the four-banded visible spectrum described by Keilin (10 ferric Lb binds nicotinic acid 50,000-fold more strongly than does ferric myoglobin, and ferrous Lb binds nicotinic acid 2,000-fold more strongly than does ferrous myoglobin ( Table  2 ). The affinities of nicotinic acid and its analogues for Lb are recorded in Table 2 . Efficient binding requires both an unsubstituted ring nitrogen atom and an ionized carboxyl group, which must be in position 3 of the pyridine ring. Absence (benzoic acid) or methylation (trigonelline) of the ring nitrogen completely abolishes interaction with Lb. Replacement of the 3-carboxylate anion by carboxamide, carboxylic ester, or nitrile greatly diminishes reactivity. Substituents in the 2 or 4 positions (isonicotinic, picolinic, and quinolinic acids) decrease the interaction to less than that of unsubstituted pyridine.
The binding of nicotinic acid to Lb is favored by acid pH (Fig. 4) , with pKa values of 4.9 and 4.85 for ferric and ferrous Lb, respectively. It is certainly suggestive that these values coincide with the pKa of 4.87 for ionization of the ring nitrogen of nicotinic acid, but experiments of this type cannot distinguish whether the pH dependence is a property of the protein or the ligand. high spin ferric heme (12, t), quite unlike the spectrum of ferric Lb-nicotinic acid complex.
We note that ferrous Lb-nicotinic acid complex has an absorption band at 685 nm in common with the complexes of ferrous Lb and certain other substituted pyridines, but not shared by the complex of ferrous Lb and pyridine. The 685 nm band appears in the spectrum of ferrous myoglobin-nicotinic acid complex, but does not appear in the spectrum of cytochrome b5, a protein in which both heme ligands are histidines. These facts are consistent with an interpretation that the nitrogen atom of nicotinic acid is ligated to the heme iron atom. If so, the ionized 3-carboxyl group might make a stereospecific, stabilizing salt linkage to a protonated residue, possibly histidine 61, lysine 41, or lysine 64, in the hydrophobic pocket of Lb (t, 13). The present data leave no doubt that the carboxyl group of nicotinic acid (pKa = 2.18) is ionized, but are not sufficient to establish whether the nicotinic ring nitrogen reacts in the protonated or dissociated form. We consider protonated nicotinic acid nitrogen an unlikely site of ligation to ferric heme iron, because ferric heme bears a formal positive charge and because of probable steric hindrance by the hydrogen atom preventing close approach of the nitrogen and iron atoms.
Although this paper offers no direct evidence for or against it, we are aware of an alternative possibility that nicotinic acid could bind at a site remote from heme, and, by allosteric interaction, stabilize the formation of a hemochrome that has a protein residue as sixth ligand to heme ion. Ellfolk and Sievers (7) propose this type of structure for the hemochrome formed by dehydration of ligand-free ferric Lb.
Physiological Significance of Nicotinic Acid Binding. In kinetic experiments § we have shown that binding of nicotinic acid to ferrous Lb precludes binding of carbon monoxide, which combines with ferrous Lb only at the slow rate set by the rate of dissociation of nicotinic acid. This result should have the effect of decreasing the apparent affinity of Lb for carbon monoxide (and the analogous affinity for oxygen) in the presence of nicotinic acid, and we offer preliminary evidence that oxygen affinity is indeed lowered. A solution of LbO2 (48 jAM) in 20 mM potassium phosphate-100 1M ethylene diamine tetraacetic acid (pH 6.8), when evacuated to 2 mm residual oxygen pressure in a Thunberg cuvette, remained fully oxygenated (Fig. 5) as expected (pi/, = 0.02 mm Hg, refs. 4, 14) . Addition of sodium nicotinate (to 4 mM final concentration) from the sidearm provoked substantial deoxygenation, as shown by collapse of the 540 nm and 574 nm peaks of LbO2, and the appearance of the characteristic peak of ferrous Lb nicotinate at 554 nm (Fig. 5) .
During the most active phase of nitrogen fixation, nicotinic acid accumulates in the root nodule to a concentration, 200-300 uM (15) , which is 10-fold greater than in small roots of the same plant and is commensurate with the average concentration of Lb in the whole nodule (4) . By interpolation from the values presented in Table 2 , we estimate that at pH 6.4 (the pH of freshly-crushed soybean nodules, ref. 8) the dissociation constant (i.e., the reciprocal of association equilibrium constant) for the ferrous Lb-nicotinic acid complex could be 600,MM-1 mM nicotinic acid. Hence, appreciable formation of ferrous Lb nicotinate could occur in vivo if endogenous (200-300 MuM) nicotinic acid is not separated from ferrous Lb by a permeability barrier.
The oxygen affinity of Lb alone is very little affected by pH (4, 16) , but the equilibria obtaining in the presence of nicotinic acid (Fig. 4B, Fig. 5 ) could have the overall effect of making the apparent oxygen affinity proton dependent. Hence, changes of nodule pH, perhaps in a local domain within the cell or under metabolic stress conditions, could have the effect of monitoring Lb oxygen affinity.
